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ABSTRACT

This report describes work undertaken to resolve the
SNAP-50/SPUR liquid-metat boiler two-phase flow stability problems.
A review is presented of existing literatu-e pertaining to forced-
convection vaporization heat transfer and two-phase flow stability.
Dimens;onleis simulation criteria are defined on the basis of the
signif;cant parameters determined from the survey. The test pro-
gram, in wht-dh Freon 113 was7-used as the test fluid and the values
of the dimensionless two-phase flow stability parameters applicable
to the SNAP-50/SPUR boiler were simulated, is presented. The design
of the transparent closed test loop, which incorporates a five-tube
boiler, is described. Conclusions and discussions are presented,
based on the measured data and the high speed photographs of two-
phase flow in both plain tubes and tubes with twisted tape inserts,
which indicate that stable flow can be achieved in the SNAP-50/SPUR
boiler by inserting at the entrance of each boiier tube an orifice
which has a pressure drop between 100 and 200 percent of the two-
phase pressure drop.

Pub!;cat;on ov this technical documentary report does not
constitute A'r Fo-ce app-oval of the report's findings or conclusions,
It is pJb!ished only 'or the exchange and stimulation of ideas.
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NOMENCLATURE

L p Specific heat, Btu/lb-°FP

D Tube diameter, ft

f Frequency, cps

G Mass velocity, lb/hr-sq ft

h Heat transfer coefficient, Btu/hr-sq ft-°F

n fg Heai of vaporization, Btu/Ib

L Tube length, ft

P Pressure, psi

Q/A Heat flux, Btu/hr-sq ft

P Density, lb/cu ft

T Temperature, OF

U Overall coefficient of heat transfer, Btu/hr-sq ft-°F

W Flow rate, lb/hr

X Quality

Subscripts

a air

b boiler

c critical

f freon

in in

4. liquid

out out

sat saturation

TP two-phase

tube tube

v vapor
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SECTION I

INTRODUCTION

The SNAP-50/SPUR power-conversion system requires a boiler that converts
subcooled liquid potassium into dry potassium vapor using liquid lithium,
heated in a nuclear reactor, as the heat source. The boiler is a shell-and-
tube design, with the potassium vaporizing inside parallel tubes which contain
twisted tape inserts. This report describes work undertaken to resolve the
SNAP-50/SPUR liquid-metal boiler two-phase flow problems by simulating flow
conditions with conventional fluids. Two-phase flow prob!ems may arise due
to flow stability phenomena, multichannel flow distribution effects, or high
quality dry-wall transition effects, as des,,-ibed below.

* Flow Stability. Flow stability is a problem inherent in forced-
convection boilers of the SNAP-50/SPUR type, in which subcooled liq-

4. uid is passed into parallel passages and vaporized to high quality.

Small local changes in pressure drop or heat transfer rate can cause
rapid and substantial shifts in flow rate through individual tubes.
One reason for this is that, in the two-phase region, the curve of
pressure drop vs flow rate can have a negative slope owing to the
phase change. That is, a decrease in flow leads to an increase in
vapor quality and, since the pressure drop associated with vapor
"flow is much greater than that for liquid, a greater pressure drop
is required. The imposed pressure drop, however, tends to remain
constant; therefore, a decrease in flow, which requires an increased
pressure drop, in turn leads to a further decrease in flow.

"" Multichannel Flow Distribution. Flow distribution is another prob-

lem existing in any heat exchanger with multichannels. Poor flow
distribution causes different rates of temperature or quality in-
crease in each tube, so that the required exit condition is not
attained at an equal distance from the inlet in every tube. The
effect of untlual distribution is to require that every tube be
lengthened so that each tube will produce a satisfactory exit con-
dition; this increases the boiler weight. Good flow distribution
normally is promoted by the design of the inlet manilrold.

"" High Quality Dry-Wall Transition. At high quality in forced convec-

tion vaporization, there is a transition from a liquid covered wall
to a partially dry wall, with a corresponding decrease in heat trans-

-' fer rate. The quality at which this occurs .rannot be predicted,
and the factors affecting this transition and the flow patterns are
"uncert,_;n. It is not known, for example, whether the small volume
of liquid present covers one percent of the wail, or none of the
wall. The use of whirlers to centrifuge the liquid to the wall may
increase the amount of wall covered by liquid. Observatior of the
flow pattern for various whirlers with high speed motion pictures
is a very valuable tool for clarifying this important area. Essen-
tially every advancement in the field of boiling heat transfer and
two-phase flow has been the result of visual observations.

Manuscript released by author October 1964 for publication as an RTD Technical
Documentary Report.



Since liquid thermal conduct;vit,, which is the only property of liquid
metals that varies greatly from the value for common fluids, does not directly
influence the two-phase flow processes, it is possible to simulate liquid-
metal flow processes with corventional fluids. This approach allows the use
of simple flow visualization techniques, which p-ovide a more complete under-
standing of the majo" problem areas, and corsideoab!y -educes test complexity
during initial evaluation and solution of the two-phase flow problem areas.

The objective of this investigation was to proceed as far as possible
toward the solution of the SNAP 50/SPUR boiler two-phase flow p'oblems using
information available in the literature and conventio,ia! fluid testing. This
approach minimized the amount of liquid-metal testing required to obtain the
final solution to these problems, and thus -esulted in a significant cost
savin9.

This report contains a b-;ef ),te-atu-e -eview that produced information
on the important parameters which we-e then used to formulate flow simulation
.riteria. The test program resjiting from the application of these simulation
criteria and the transpa-ent test loop designed to measure the effect of the
controlling parameters are desc-ibed Finally, the results of the test
program are presented and discussed.
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SECTION 2

3 TECHNICAL DISCUSSION

5 GENERAL

Flow instability may occur under an unkr.own combination of heat exchanger
boundary conditions, flow rate vs pressure drop relationships (functions of
fluid properties), and external disturbances, and has been detected by many
investigators. It is clear from the experimental evidence that destablizied
flow conditions, both with and without heat addition. For example, Prandtl
showed that, in the transition region, single-phase flow in a pipe could
destabilize and oscillate between laminar and turbulent flow. Of greater
concern in this program, however, are the flow instabilities associated with
two-phase flow; only these cases will be discussed in succeeding s;ections.

Understanding and analysis of the flow instability problem requires a
knowledge of many related technical specialties. Some of the instabilities
are the result of flow or heat transfer regime transitions, and many can be
qualitatively explained by more than one mechanism. A thorough understanding
of all heat transfer mechanisms and flow regimes possible with forced-convection
vaporization heat transfer and two-phase flow is required to preclude erroneous
conclusions. Therefore, a brief discussion of the state of the art in forced-
convection vaporization heat transfer, including research results from an
earlier phase of this investigation, is presented below, prior to a review of
the literature containing information on two-phase flow stability.

FORCED-CONVECTION VAPORIZATION HEAT TRANSFER

"A large number of both experimental and analytical investigations of forced-
convection vaporization heat transfer have been performed during the past 20 years.
Reference 1* contains an excellent review of the state of the art up to 1957. The
process depends upon a great number of variables and is made more difficult by
the conplexity of the various two-phase flow patterns which occur as the quality
increases along the tube.

Because of the large differences in the various flow patterns which occur
"as the volume fraction of the vapor increases along the tube, a separate cor-
relation is required for each flow pattern. Therefore, familiarity with the
characteristics of each flow pattern is required before an analytical model
can be formulated to yield correlations for the heat transfer coefficient in
each reFcime, and the quality at which flow regime transitions occur.

Visual s"idies of adiabatic two-phase, two-component flow have
provided information on the flow patterns. Attempts have been made to
develop flow regime maps, which would make it postiblR to predict
the boundaries between the observed flow patterns 2. )3 While the

*Numbers refer to references at the end of this report.
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flow regimes depend to some extent upon whether the flow is vertical or
horizontal, the flow regimes shown in Figure I appear to Lc m-ost common for
both orientations. The flow patterns shown are as follows:

a. Bubbly Flow--This pattern occurs at very low quality and consists of
individual bubbles of vapor entrained in the liquid flow. The
bubbles are formed at nucleation sites on the wall.

b. Plug or Slug Flow--As the quality increases, the individual bubbles
agglomerate and grow to form plugs or slugs of vapor, which
periodically pass a given point on the wall.

c. Anrular Flow--At higher quality, the vapor flows in a high-velocity
core in the center of the pipe, and a thin film of liquid covers the
pipe wall. Liquid droplets are generally dispersed in the vapor
core.

d. Mist Flow--At moderate to high quality, the liquid film on the wall
disappears and all the liquid is dispersed throughout the vapor as
droplets.

Forced-convection vaporization heat transfer data have shown that the
heat transfer coeffici nt for a fixed geometry and flow rate increases with
increasing quality(4'.). At a critical quality, which varied considerably with
fluid, geometry, and heat flux, there is a sharp decrease in the heat transfer
coefficient toward the value characteristic of vapor flow, as shown in
Figure 2. When the quality reaches 100 percent, the coefficient equals the
9,apor heat transfer coefficient. Numerous heat transfer correlations have
been recommended (1,4,6,7) for the various flow regimes.

It is often of great importance to be able to predict the quality at
which the sharp decrease in heat transfer coefficient occurs, for, if the heat

S. flux is the imposed condition, burnout may occur beyond this point. It has
been suggested(4) that th;s quality corresponds to the point at which the

transition from annular flow to mist flow occurs. This is very likely, since
this is a transition from a liquid covered wall to a gas blanketed wall, which
is similar to the pool boiling burnout condition that occurs in changing from
nucleate to film boiling. Many reasons have been suggested for the transition
f-oin annular to mist flow, and numerous correlations of the forced-convection
vaporization burnout condition have been attempted.

Most of the visual studies of forced-convection vaporization have been
performed under adiabatic conditions because of the relative ease of this type
of experiment. In addition, most of the heat transfer tests have used
electrical heating, thereby imposing the heat flux boundary condition. An
experiment(8) performed at AiResearch during an earlier phase of this program
used high speed motion pictures to study the forced-convection vaporization
process, when the overall temperature difference was the imposed boundary

cotdition. Motion pictures tere obtained of all the significant flow patterns;
the resuitino film may be borrowed from the writer.

4
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The following concijsinnz Were b... C . d -n results of an earlier phase
of this program, which is reported in Reference 8 (included as an appendix
to this report).

Bubbly Flow

Because of the high ratio of liquid to vapor density for most fluids of
interest, the vapor mass fraction (quality) in the bubbly flow regime is
generally much less than I percent. The bubbly flow regime can occur in a
subcooled liquid, since the bubbles nucleating at the wall may depart from the
wall because of the inertia caused by their growth rates. Thermal equilibrium
does not exist, as there is insufficient time for the bubbles to condense
before the surrounding liquid is heated to the saturation temperature as it
flows along th- tube.

In the bubbly flow regime, the volume fraction of the vapor is very small.
so that it has little effect on the liquid velocity. Bubbles grow and depart
from nucleation sites on the wall much as they do in nucleate pool boiling.
Depe-'ding upon the wall and fluid temperatures and the nucleation character-
istics of the wall, the nucleate pool boiling heat transfer mechanism may or

may not dominate the forced-convection heat transfer to the liquid occurring
between the bubble nucleation sites In the very narrow quaiity range over
which bubbly flow exists, it seems reasonable to assume that the heat transfer
can be predicted by superimposing liquid forced convection and nucleate pool
boiling, provided the superheat temperature difference is not great enough to
produce film boiling.

Plug Flow

As the vapor volume fraction or the tube length-to-diameter ratio
increases, the individual bubbles groh dnd agglomerate to form plugs or slugs
of vapor, which occur periodically along the tube. Even though the vapor
volume fraction has increased, the corresponding quality is still very low.
However, the presence of the larger volume fraction of vapor begins to cause
a significant increase in the liquid velocity in the plug flow regime.

Bubbles may nucleate and depart from the wall at numerous sites inside
the tube ;n the plug flow regime. The heat transfer mechanism is probably
the same as that in the bubbly flow regime, a superposition of forced
corvection to a liquid and nucleate pool boiling.

The plugs of vapor are compressible volumcs which make possible flow
oscillations within the tube even though the flow entering the tube is steady.
Actual flow reversal was observed in the motion picture study. It is possible
that the periodic, nature of plug flow, combined with the compressible volume
it provides, is the source of many of the exit flow oscillations that occur
in forced-convection vaporization, inasmuch as all other flow regimes are steady.

Annular Flow

Theoretical stability analysis of a liquid film(9) predicts that a liqui
film is stable for sufficiently small Reynolds numbers, independent of the
vapor velocity. Since the liquid-film Reynolds number dccreascs as thc

6
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,, iCeases in a forced-convection vaporizer, the liquid annulus will be

stable at sufficiently high quality, independent of the value of the vapor
velocity.

"While annular two-phase flow is sometimes idealized so that all the liquid
is in the annular film and all the vapor in the high velocity core, observa-
tions generally have shown that droplets of liquid exist in the vapor core.
This is consistent with the stability ahalysis which predicts that a high-
Reynolds-rnumber liquid film, such as exists at low quality, may be unstable
"and produce droplets. These droplets may or may not rejoin the liquid annulus,

.. depending upon the magnitude of the turbulent vapor fluctuations, the transit
time of the droplets through the vaporizer and the passage length-to-diameter
ratio.

"The liquid vapor interface between the continuous liquid film on the wall
and the high-velocity vapor core is wavy. Although there are active bubble
nucleation sites, these probably have .3 negligible effect on the rate of vapor
generation. The vapor is generated primarily by vaporization from the liquid
vapor-core interface inside the tube, 3nd not by the formation of bubbles at
the wall. The heat transfer in annular flow is very sim;lar to that for
condensation inside a tube; heat is transferred through the liquid film to
the interface with the vapor core.

Annular-Mist Flow Regime Transition

A description of the transition from annular to mist flow is of great
interest, since this is presumably the point at which the vaporizer heat
transfer coefficient experiences a sharp decrease and causes the forced-
convection vaporization burnout condition.

The following significant observations of the wall drying process were
made. A small dry spot forms and grows in all directions, as the liquid
vaporizes, because of conduction heat transfer through the liquid. The small
strips of liquid on the wall remain almost stationary relative to the high-
velocity vapor and the liquid droplets flowing in the tube. The dominant heat
transfer miechanism is conduction through the liquid. Nucleation may produce
the initial dry spot on the wall, but has a small effect on heat transfer.
This is the same drying process that would occur with a thin film of liquid
in a hot pan whose temperature is not great enough to cause nucleate boiling.

As a result of the visual observations of the transition process, it was
concluded that the transition is due simply to vaporizing of the liquid film
on the wall as a result of conduction heat transfer through the liquid, while
the vapor core still contains a dispersion of liquid droplets formed upstream
at lower quality and carried along by the vapo.r. While the volume-fraction of
these droplets is very small, they account for a substantial mass fraction
because of the high liquid-to-vapor density ratio.

In summary, the liquid droplets dispersed throughout the vapor core are
produced as a result of a film instability at low quality. The transition from
annular to mist flow occurs when the liquid annulus vaporizes as a result of

7



conduction through the thin liquid film, while 1'jid droplets remain
dispersed throughout the vapor core. The quality at the transition is deter-
mined by the mass of liquid contaired in the droplets when the transition occurs.

Mist Flow

In mist flow, the wall is dry except when the liquid droplets in the
por core impinge upon the wall arid vaporize. Most cf the heat transfer is

from the wall to the vapor. After -he heat is transferred to the vapor, it is
then transferred to the liquid droplets; the mist flow vaporization process
actually takes place in the interior of the pipe and not at the wall. For
this reason, the temperature of the vapor in the mist flow regir.a is g-eater
than the saturation temperature; thermal equilibrium does not exist in the
tube. The mechanism of heat transfer in mist flow is. therefore, forced
convection to a gas.

Flow Stability

For low values of pressure drop across the throttle valve at the entrance
to the heated tube, flow instability was observed. The flow rate fluctuations
apparently were due to the interaction of the two-phase. flow pressure drop
characteristics with the compressible volumes in the systen(10. At all heat
fluxes and flow rates investigated, the inlet flow rate could be made steady
with a sufficiently great pressure drop across the inlet throttle valve. Even
though there was steady flow into the tube. the flow rate and temperature at
the exit were seen to fluctuate. This apparently was due to the periodic
nature of plug flow, the compressible volume of the plugs. and the fact that
thermal equilibrium does not exist in mist flow.

TWO-PHASE FLOW STABILITY LITERATURE REVIEW

Causes of Flov,. Instability

The relative influence of a given design parameter on the stabi lity of
fluid flow systems depends quite strongly on the particular type of instability
to which a system is subject. Nonetheless, where catastrophic power excursions
are not involved, the literature dealing with two-phase flow instability
indicates that the following parameters are influentTal:(l fluid inlet sub-
cooling, (b) heat flux, (c) pressure. (d) inlet velocity. (e' orifices, and
(f) acceleration fields.

I. Subcooling

A primary cause of instability in boiling water reactors has been inlet
subcooling, and this has been particularly evident where large void fractions
were present. Beckjord(IlI attributed the flow instabilities he observed in
,1 boiling water reactor to inlet subcooling. It has also been noted that.
in nonreactor circulation tests with heat addition, the condition for the
onset of oscillation is strongly dependent upon the inlet temperature. and
that the observed instabilities increase ;n severity with increases in the
amount of subcooling. This is in agreement with formal calculations of
density changes in coolants. which lead to the conclusion thAt -,ihcoolinq

3
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m.,eases unstable density changes. it aiso is in agreement with other
calculations which demonstrate that increasing subcooling enlarges regions of

operation in which the slope of the curve for pressure drop vs flow rate is
negative, and hence unstable (12

On the other hand. in tests conducted of boiling burnout with water inIvortex or swirl flow (13), where degree of subcooling was treated as a variable,
excellent stability was exhibited up to the burnout point. This would suggest

that subcooling perhaps does not influence the stability of swirl flow, or that11' the influence is extremely weak; more definitive investigations are required
to confirm or refute this conjecture.

Recent results of Gouse(I4) from a forced-flow, parallel.channel system
i Ishowed that there was a range of subcooling within which the flow would

Soscillate. If the inlet subcooling was either greater or less than this range,
4• the flow was steady.

1 2. Heat Flux

There is considerable disagreement regarding the effect of heat flux on
stability. This probably is because heat flux should not be considered an
independent variable; it can be determined from inlet velocity, subcooling,

y exit quality, and geometry. Some experimental workers find that instabilities
have a tendency to be strongly damped and reduced in amplitude when design
heat inputs are raised sufficiently. Although not clearly understood, the
phenomena seem to be connected with the possibility that damping forces may
increase more ýapidly than forces drivin the instabilities. On the other
hand, Gouse(l), QuandtU5), and Meyer(16) have observed that oscillatory
instabilities can be induced by increasing the heat flux.T

4.Investigators apparently have not considered the effect on stability of
a constant wall temperature boundary condition instead of a uniform wall

! heat flux.

3. Pressure

Oscillations are strongly damped anl rllatively low in amplitude at
*- elevated pressures. Blubaugh and Quandt 17) noted that conditions for the

onset of oscillation were pri mrily a function of the channel inlet temperature
and the pressure. Quandt s(1 theoretical analysis showed that flow oscil-
lations become less prevalent at higher pressures. Mendler, et aI(18) also

observed that flow fluctuations in natural circulation tests increased with
the reduction of pressure and inlet temperature.

While this subject requires more study, the influence of pressure seems
to be connected with the fact that, at higher pressures, the ratio of liquid
to vapor densities is reduced and, in a sense, the fwo phases are more similar.
Stenning(19) has shown in his analysis that oscillatory flow will exist for a
variety of configurations, provided that the density ratio across the system
" exceeds a critical value ,which depends on the geometry and the flow relation-
ships. Calculations performed by Wright(20) also indicate that flow stability
exists if the specific volume ratio is below a critical value.

9



4. Inlet Velocity

Inlet velocity, mass velocity, and flow ratep which are discussed by
various investigators, are different names for the same variable.and all will
be orouped under the above heading. Approximate calculations indicate that
an increase in the design inlet velocity has a stabilizing influence in

le, once-through high qua'itv boilers. Jones (21) has shown that the tendency
I toward instability varies inversely with the square of the subcooled fluid
it velocity. GoubekI 4 ) observed that increasing the flow rate, with other

variables held constant, tends to stabilize the system. At the present time,
however, the sparseness of the literature does not lend itself to definitive
statements.

5. Orifice Pressure Drop

Severa' investioato-s have conside,ed the effects of o-ifices at the
inlet on flow stability. F-aast12) has shown that, i- low pressu-e s~bcooled
wate-, orif;cing has a p-onounced stab:lizing ¼'fluence; moreover, the effect
increases w th the ratio of the orifice pressure drop to the p-essu-e d-op
fo- the rest of the passage. Stenning 1 9 ) considered analytically the time-
varying flow of a boiling liquid through a series of ducts and beaters for the
case in which the flow rate is controlled by a downstream orifice. He showed
that oscillatory flow will exist, provided that the density ratio across the
syste- exceeds a certain ý-itical value. He concluded that upstream orificing
ý,i;l help +-o damp out these oscillations.

A ore-pass boiler also has been studied by Jones 21) for the case in
which the-e is significant subcooling. He found that, while an orifice can
be a stabiliz'ng influer:e, it also can destabilize the system. From his
corclusions regarding the stabilizing influence of high subcooled velocities,
it s by no ,ears clear that orificing would be effective in high performance
systems whe-e there is tu-bulent flow and vigorous subcooled boiling with a
relati~ely t-igh frictior. factor.

Wallis arýd Heasley( 2 2 ) have discussed a natural circulation loop with a
corst-ictior at the top of the heated section. They assert that their results
have wide application because many systems without outlet orifices have most
o0 the pressure drop at the exit where velocities and shear stresses are high.

e Tht-y obse-ved instability in a pentane loop when the heater exit was
corst- icted.

Seve-ai ;nvestigators have demonstrated that the stability of coolant flow
duirg boil ng is influenced by the pump and system flow characteristics.
Stabil.ty ;s amp-oved as the test-section pressure drop becomes a smaller part
of the tota. system pressure drop. The change in pressure drop caused by a
pwase charge of the coolant, then, has less influence on the flow rate, since
this p-essu'e drop is a smaller part of the total pump head.

LowdermilK . 23) found that it always was possible to stabilize the flow in
a single tube with a great enough ;nlet-restriction pressure drop. The reqL'red
pressu-e d-op was concluded to be a function of L/D ratio and mass velocity.
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6. Acceleration Field

Depending upon the direction of the field, acceleration can be extremely
important, either in stabilizing or in destabilizing a fluid flow system. At
one extreme is the well known catastrophic Taylor instability, resulting when
the field is in the "wrong direction" across the interface between liquid or
gaseous media of different densities (24). At the other extreme is the case
of the highly stable interface that exists in high-velocity separated two-
phase flow in a tight spiral. Because of the extreme difficulties involved
in carrying ouit both theoretical and experimental work in reduced gravity fields,
very little work has been reported in this area beyond the fact that the
tendencies toward instability seem to increase as the conditions for free fall
are approached.

Classes of Flow Instabilities

Although authors have not formally categorized the hydrodynamic instabil-ities in two-phase fluid flow systems, those not involving actual burnout may
be divided approximately into the following four classes:

0 Flow regime transitions

0 Negative derivative of pressure drop with respect to flow rateI
0 Compressibility

S• Parallel channel coupling

A fifth, the amplification of a "maldistribution," has been reported by
Adorni, et al(23), but with neither a description nor discussion adequate for
review at this time. Also, Quandt(15), on the basis of an analytical and
experimental investigation of flow oscillations, concludes that another type
of flow instability, "stable flow oscillations," associated with definite
frequency and reproducibility from cycle to cycle, should be recognized.

Systems subject to different classes of instabilities may exhibit quite
similar performance. For example, oscillations may be associated with flow
regime transitions and parallel channel coupling as well as with compressi-
bility. Flow excursions may be associated with all classes. In spite of
these similarities, it is necessary to treat each class separately because of
basic differences in the phenomena believed to be responsible in each case.
In addition, the type of instability is a function of the imposed boundary
conditions on the heat exchanger. Typical boundary conditions are constant
pressure drop, constant inlet pressure, and constant inlet flow rate. The
boundary condition selected in the analysis or imposed in the experiment will
determine the different types of instabilities that will be possible.

I. Flow Regime Transitions

The recognized types of flow regime transitions that can give rise to
"unstable operation are nucleate-to-film boiling, bubble flow-to-slug flow-
to-annular flow and laminar-to-turbulent flow. These transitions give rise

11



to such instabilities as pressure variations, transient pressure drop (and
recovery), and sustained oscillations.

Isbin, et a](26) has noted that large pressure variations are usually

associated with a flow regime transition. In their work, the instabilities
were associated with transitions from bubble-to-plug flow and annular--to-slug
flow. In regard to Lhe general concept that flow transitions may have an
important influence on stability, Isbin('27), discussing a paper by Mendler,
et al, suggested that, if one provides step changes in flow regimes correspond-
ing to specified conditions, sustained oscillations may be generated.

The change in effective head that 'ccurs at the onmet of bulk boiling can

be serious enough to generate sustaineu oscillations(28). Bernles and
Rohsenow observed sustained oscillations where a transition takes place
between nucleate and film boiling. In the latter case, film boiling begins in
a restricted area and moves upstream, followed by a surge of water which cools
the tube. The temperature again rises and the fluid flow decreases until a
transition is made from nucleate to film boiling at a point downstream. In
tubes of small diameter (less than I/4 in.ID), the cycle is complete in
seconds. Matzner(30) also reports on instability that could be due to a
transitiop from nucleate to film boiling. In this case, the instability took
the form of a sudden transient pressure drop with an immediate recovery.

While annular flow, mist flow, and fully developed slug flow are all
stable, bcth bubble flow and "developing" slug flow are transient regimes and
could be expected to lead to flow instabilities under certain conditions. An
instability in a subcooled yatir flow system under conditions of zero gravity
has been reported by Pape Ilk5 1 ), which he attributes to transitions between
bubb!e arid slug-flow regimes. Extremely severe flow perturbations were
required, however, to initiate the instability. Under normal gravity conditions,
the instaboility could not be produced, even with large perturbations. This
has some similarity to a phenomenon reported by Radovcich and Moissis(32).
In a normal-gravity adiabatic system of air and water, they observed a mode
in which Taylor bubbles some 50 to 70 tube diameters in length would leave the
tube in wv'at would appear to have beer. "developing" slug flow. This would
be follolied by a return to bubble flow and a buildup of large bubbles to
complete the cycle. In contrast to Papell's interpretation, they attribute
this cycle to some instability limitation which was not discussed.

'I'r! view of the earlier work of Isbin, et al(26,27), the question is not
defintely settled, and the possibility that this form of instability may

appea" cannot be definitely ruled out.

Another unstable mode of operation that could arise from a flow regime

transition involves the transition from laminar to turbulent flow. A similar
situation may be encountered in two-phase flow in the neighborhood of incipient
boiling where bubbles first form on the walls. Such a transition also could
take place near burnout in the case of highly subcooled fluids. Tripping of
the boundary layer from laminar to turbulent flow in the neighborhood of
incipient boiling has been reported by Bergles and Rohsenow(29 . Depending
upon the geometry, this could reduce the flow enough to cool the tube to the
point where the flow would become laminar and provide the mechanism for

12
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I sustained oscillations. Descriptions of this mode of instability were not
found in the literature. There may be a relationship to the flow oscillations
in subcooled fluids that are associated with the sudden increase in pressure
drop taking place in the neighborhoud of burnout.

2. Negative Pressure Drop vs Flow Rate Derivative

I aIt has been known for a number of years that, under a wide range of

operating conditions, the pressure drop plotted against flow rate has a smooth
hump in an otherwise monotonically increasing curve. As illustrated in
Figure 3, then, there are three possible flow rates for a given pressure drop.
If the system should operate at the intermediate point, it may be seen from
the curve that flow will increase with decreasing pressure drop. This is a
very unstable situation, and the system may experience a very rapid increase
in flow rate until it is operating at the high flow rate. On the other hand,
the operating point may shift rapidly to the low flow rate and lead to
burnout(29). Since both high and low flow rates are stable, the instability
conssts of a simple flow excursion. This form of instability has recently
been s' "ied by Fraas(12,33), who calculated pressure drop vs flow rates in
channe' for the purpose of establishing stability criteria which, as seen in
Figure 3 is assured if operating parameters are chosen to force the system to
a point where the slope is definitely positive. His calculations reveal that
the negative slope region increases with the amount of subcooling and decreases
with the system pressure (see Figure 4), confirming experimentally observed
trends. Of particular interest is that the instability is impossible for
high pressure systems (in the neighborhood of 600 psia for water). Although
it is not practical to have saturation conditions at the inlet, it nonet'.eless
is of interest to note that such an operating point is stable relative to
negative pressure drops.

Recent experimentai results of Collier (34 have shown that, while
opt._ration within the negative slope region may be impossible, a negative slope
is not a necessary condition of oscillatory instabifity in parallel heated
charnels.

3. Compressibility

For a number of years authors have recognized that compressibility effects
can lead to both transient and sustained oscillatlors in fluid flow systems.
This is quite evident for two-phase flow systems vih.re the design results in
mpedance of the vapor phase exhaust. It also ma•i he serious in single-phase

flow systems, as was demonstrated by the theoretical work of Poppendiek and
Rickard(35), in which they showed that the observed excursions and oscillations
accompanying reactor power surges could be accourted for by considering
compressibility and thermal expansion. More reccently, Lowdermilk, et al(23)
have called attention to the fact that systems have a strong tendency to

i instability when designed in such a way that noncondensible gases can become
entrained and trapped. This was demonstrated by the introduction of a
compressible volume cont,•ining a noncondensible gas in the flow system between
a throttling valve and :he test section. Here the velocity of the gas was

* essentially zero, so that frictional losses were extremely small relative to

13
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I
those of the vapor ir two-phase Flow. During burnout they observed flow" f.tt0 s whhlc, or.curred at lower heat transfer rates as the static

compressible .olume was inc ised.
r

SBergles and Rohsenow 29), in a recent study of burnout in tubes of small
diameter, concluded that flow oscillations caused by system compressibility
can greatly reduce the burnout heat flux in the subcooled region, and that
this instabili*.y is particularly difficult to avoid with small-diameter tubes.

4. Parallel Ch.annel Coupling

Because the technical literature concerning instabilities in parallel
channel flow systems is extremely sparse, no definitive statements on this
subject are possible. However, Fraas(1 2 ) analysis on multichannel stability
concludes that several possibilities exist for flow instability in parallel
channels if the individual channels operate in a region that may give rise to
flow instability. He notes that coupled oscillations may develop between
parallel channels, inducing flow rate to increase in one channel and diminish
in another.

The experimental program reported by Matzner(30) is of some interest in
connection with the parallel channei instability problem. Forced convection
was maintained through a bundle of 19 parallel electrical Featers wh' i were
packed close enough to very roughly approximate a number of paralle, iannels.
At high pressures, only slight pressure fluctuations were observed. On
approach to burnout, pressurp transients were attributable to pc.-sible flow
regime transitions as discussed above. The inside rod did not L dergo any
temperature instability, while the adjacent six inner rods showed worse per-
formance than the outer 12 rods. Of particular interest was the fact that
the pressure transient took the form of a pressure drop that did not exceed 4
to 12 psi at an operating pressure of 1000 psi. This was followed by an
immediate recovery to slightly over the initial pressure.

Discussion

The literature review summarized above revealed far more problems than
it solved and led to the obvious conclusion that the two-phase flow stability
problem is extremely complex. There are many different types of instabilities;
each may exhibit more than one behavior and is affected by numerous parameters,
includin•, fluid properties, geometry, and imposed boundary conditions.
Instabilities may exist with steady imposed conditions, or may be caused by a
change in the nominal operating condition of the heat exchanger.

It does not appear possible to derive one equation covering all possible
instabilities; each type of instability and set of bounday conditions
generally must be analyzed separately. 4hi:a most types have been observed
empirically, usually by unfortunate accident, few have been correlated
analytically. Most of the analyses, while predicting qualitatively the effect
of some of the variables, have been unsuccessful in predicting the quantitative
results which were experimentally observed. In addition, none of the analyses
has been verified thoroughly enough by experiment to warrant its application
without subsequent experimental confirmation.
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it is felt that, in a once-through, high exit quaiity vaporizer, thp most
prevalent class of instability is that resulting from negative derivative of
pressure drop with respect to flow rate. The analysis of this instability
by Fraas (33) has much to recommend it since it is simple, reveals the phys-
ical importance of the variables, and has predicted the effect of pressure,
subcooling, and heat flux on flow stabil'ty which has been observed in practice.

In summary, the state of the art is not far advanced; there is lack of
agreement about the effect of many variables; most conclusions about two-

phase flow stability are qualitative (e.g., high pressure is good) and there
is no general analyticai approach which shows promise of describing flow
stability behavior.

SIMULATION CRITERIA

Because of the complexity of the two-phasa flow stability prob'em and
the lack of an available, dependable, general analysis of the problem, the
decision was made to resolve the SNAP-50/SPUR boiler flow stability problem
experimentally. A through investigation of the effect of all the important
parameters, using potassium as the test fluid, was not economically feasible.
Also, it was judged very desirable to use a fluid which would allow the con-
struction of a transparent boiler so that visual observations would be pos-
sible; potassium does not satisfy this requirement. It was therefore neces-
sary to develop simulation criteria which wOuld provide a rational basis for-
selecting a test fluid, designing a test loop, and planning a test program
whose results would be applicable to the SNA1'-50/SPUR potassium boiler.

The literature review revealed a large number of parameters affecting
the two-phase flow stability problem. Those discussed by various investi-
gators are

1. Entrance subcooling

2. Subcooled liquid pressure drop

3. Pressure level

4. Liquid-to-vapor density ratio

5. Exit quality

6. Heat flux

7. Pressure drop

8. Flow rate

9. Inlet velocity

10. Mass velocity

1l. Passage length-to-diameter ratio
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The expen!-e of experimentally investigatinn a range of values of each

of the above parameters is prohibitive, even with a conventional fluid. Be-

cause of this,and the necessity for applying the experimental results to

potassium, it was judged necessary to reduce the important physical variables

to a complete set of independent, dimensionless, similarity parameters.

The application of dimensional analysis to heat transfer and fluid me-
chanics problems is very common. It serves two very important functions in

experimental investigations: (I) the number of independent variables is

reduced because there are fewer independent dimensionless groups than physi-

k cal variables, and (2) simulation of the actual problem is possible with more

convenient geometry and test fluids. The theory and methods of dimensional

analysis are discussed by McAdams (39) and other authors of heat transfer

textbooks. The method used here to define dimensionless groups was to com-

bine (I) nondimensionalizing of the controlling fundamental equations, (2)

past experience with the same physical variables, (3) and intuition. The
noidimensionalizing procedure was simplified because Fraas (12) presented
his results in dimensionless form.

In calculating the pressure drop-vs-flow rate relations, it becomes

apparent that the importance of subcooling is determined by the ratio of (1)
the heat added to raise the fluid to the saturation temperature to (2) the
heat rer:uired for vaporization. Therefore, the dimensionless parameter that

measures the effect of subcooling is CpAT/hfg. This same parameter appears

if the energy balance for a boiler is expressed in dimensionless form. It
also has been revealed in analysis of boiling heat transfer; and in some
places is called the Boiling Number.

As discussed above in the literature review, pressure level is important

primarily because of its effect on density ratio. For a constant friction
factor, the ratio of liquid to vapor pressure drop is proportional to the
density ratio, which is therefore a measure of potential pressure drop fluc-
tuation. For these reasons, and because previous investigators have used

liquid-to-vapor density ratio as an independent variable, it was selected as

one of the dimensionless similarity parameters.

Pressure drop, flow rate, inlet velocity, and mass velocity were chosen

separately for emphasis by various investigators. However, they are all a
function of the dimensionless pressL're-drop ratio, (pressure drop divided
by pressure level,) which is proportional to Mach number and L/D. The system
geometry is defined by the length-to-diameter ratio.

The heat balance on a boiler, expressed in dimensionless form, shows

that the dimensionless heat flux /A . is a function of the dimensionless
Ytf G hfg

subcooling parameter, exit quality, and L/D. Therefore, exit quality was
chosen as the final independent variable.

Subcooled liquid pressure drop, expressed in dimensionless form by
dividing it by the two-phase pressure drop, was selected as the dependent
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di,;ensionless parameter. The results of Fraas (12), Lowdermilk (I0;I, and

others showed that two-phase flow always could be stabilized with a great

Qfnough pressure drop in the subcooled liHuid region. As a result, the de-

cosinr, was made to solve the two-phase flow stability problem in the SNAP-

50/SPUR boiler by i•sertinq orifices at the entrance of each bo, ler tube.
rT:1 test program described in the following section was designed to provide

sp(-c-fic information pertaining to the magnitude of the pressure drop in the

sbcool•ed liquid region required to provide stable flow.

In summary, the physical variables were reduced to a complete set ot

sox independent, dimensionless parameters, which can be expressed as folf.j.,js

AP/•/Ii) f(C AT/h•fg, PI/P pvAPrp/P) X, L/D)

The purpose of the test program was to determine experimentally :he

liquid pressure drop ratio required to produce stable flow for values of tce

f;ive ndcpendent parameters on the right-hand side of the above equaton c',er-n

a range around SNAP-50/SPUR boiler ttst and operating conditions
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I SECTION 3

T TEST PROGRAM

OBJECTIVE
I

The primary objective of this program was to obtain sufficient infor-

mation to design the SNAP 50/SPUR boiler so that stable two-phase flow will
occur. The boiler is a tube-and-shell unpt with twisted tapes inserted in

the tubes to produce swirl which will centrifuge entrained droplets to the

tube wall. The design approach was to place an orifice in the subcooled
liquid region at the entrance to each boiler tube. The liquid pressure drop

across the orifice must be made high enough to domipnate the possible vari-
"ations in two-phase flow rate that are possible with a constant header-to-

header pressure drop. The ratio of orifice pressure drop to boiling two-
phase pressure drop is considered to be the controliing dimensionless param-
eter and must be maintained above a critical value to provide stable flow.
Since the problem was too complex to analyze, this test program was developed

"" - to determine the pressure-drop rat o required.

A major objective for later work with the test loop des-.ibed below is
a study of the condensing process in parallel tubes. Since the same loop,

type of instrumentation, and observations will be utilized in the condensing

"' studies as in the boiling studies, the objectives and requirements of this

later work necessarily affected loop design.

Due to the complexity of the two-phase flow process, more than one plaus-

ible, but contradictory, explanation often can be found to rationalize un-
expected experimental results. For thif reason, it is essential that research
on two-phase. flow include visual observations whenever possible. The follow-
ing partia! list gives examples of the type of information that only visual
o-servetiors can provide.

Determine the flow patterns that occur during forced-convection
ýaporization, with and without tube inserts.

2. Determine if a substantial amount of liquid flows along the twisted

tape after the wall is dry, and how the i~quid breaks off the end

"" o the tape.

3. t•etermine the length beyond the ena of a twisted tape that the swirl

•,ich was induced by the tape persists.

4. Establish the mechanisms for the various fiow regime transitions.

5. c:staolish the flow patterns aid flow maldistribution that occurs

i, parallel condensing tubes

6. Study the fluid dynamics at the condenser liquid-vapor interface.

7. Establish the visual characteristics of boiler and condenser flow

instahiliites.
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The test program was designed to achieve the general objectives described
above for values of the controlling dimensionless parameters developed in the
preceding section, including the range of importance to the SNAP 50/SPUR
boiler. Table I presents the current values of the five dimensionless simi-
larity parameters in the design-point boiler and in a 19-tube prototype test
boiler.

TABLE 1

VALUE OF DIMENSIONLESS SIMILARITY PARAMETERS IN SNAP 50/SPUR BOILER

Design Point Boiler 19-Tube Test Boiler

C pT/h 0.18 Variable

P/P v 200 400

P Tp/P 0.1 0.4

Exit Qiality, percent 100 Variable

L/D 150 200

In summary, the test program and test loop were designed to determine
the pressure drop in the subcooled liquid region of the boiler required to
provide stable two-phase flow for a range of conditions including those pre-
sented in Table 1; it was necessary that this be done with a transparent test
loop.

FLUID SELECTION

A survey of the compatibility of the characteristics of common fluids
with the test objectives of this program led to selection of Freon 113 as
the test-loop working fluid. T.is inexpensive, easily available fluid is
relatively nonhazardous and has well established physical properties.

To decrease the hazards involved in visually observing the two-phase
flow processes at close range, it was desirable to run the tests near atmos-
pheric pressure and temperature. The saturation temperatures of Freon 113
are BO0 Fand 120 0 F, respectively for liquid-to-vapor density ratios of 400 and
200. The saturation pressures at these conditions are 7 and 15 psia as shown
in Figure 5. While both saturation pressure and temperature are somewhat
lower than the most desirable values, they are compatible with the antici-
pated test program and the requirement for maintaining the boiling temperature
sufficiently above that of common cooling fluids to ease the design of the
condensing side of the test loop.

Another advantage of Freons in general, and Freon 113 in particular, is
the relatively low value of 60 to 70 Btu per lb for the heat of vaporization.
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ll,, ",'vt- tLi a tfe d ange of va iues o0the dimensionless Subcooling parameter, snce only small changes in entrance

temperature are eequired. In addition, both the heat flux and the totalquantity of heat •equred to vaporize the fluld completely are proportionalto the heat of vaporization, low values for these parameters ease the
test loop design probiem

Finally, Freon systems are common at AiResearci; therefore, a great dealof experience existed for the design ard proper instrumentation of a reliable,
leakproof Freon test loop.

RUN SPECIrICATION

"Of the five parameters given i- Table I. it was necessary to test arange of values of only the first three, s'nce the exit qual'ty was kept near
100 pe'cent in all runs, and the test bo'ler was designed with a constant L/D
ratio of 160.

The dimensionless Subcooling parameter has the required value of 0.18with Freon 113 when the entrance subCooling is 50 0 F. To determine the effectSof variations in subcool;ng, values ol 250 r, 50 0 1) and O00°F were tested.

Pressures of 10, 15, and 20 psia, corresponding to density ratios of
300, 200, and 150, respectively were tested. At each of these pressures,pressure drops 0' 1, 2, and 3 psi were run, Yeld.ng a normalized pressuredrop range of 0.05 to 0.3 The lowest pressure of 10 ps;a is higher thanthe value of 7 psia, wh;cn cor-esponds to the !9 -Tube boiler dens-ty ratio,however, it was the minimum pressure that alowed substantial subcool~ng tobe tested, in the loop descrbed below, due to the difFiculty of cooling theboiler inlet to much below 50cF. The pressure range provides a 2 to I varl-
ation in density ratio, and the middle pressure S-mulates the design-point
boiler.

The ind'vidual test conditions run for each type of tube nsert aslisted in Table 2, include most combinat;ons of the fol'ow'ng Properties.

P = 10, 15, and 20 ps-a

T sa T in= 00 50 and 25-F

P= I, 2, and 3 psia

2
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TABLE 2

I BOILER TEST PROGRAM

RUN POut APTP T t-T [ out Ti
-(psia) (psia) (OF) iF) !OF)

I 20 I 100 135 40

f 2 20 I 50 135 90

3 20 I 25 135 115

4 20 2 100 135 40

5 20 2 50 135 90

6 20 2 25 135 115

"7 20 3 100 135 45

8 20 3 50 135 95
9 20 3 25 135 120

I1 15 1 100 120 20

1 12 15 I 50 120 70

13 15 I 25 120 95

14 15 2 100 120 25

15 15 2 50 120 75

"16 15 2 25 120 100

17 15 3 100 120 30

23 15 1 50 120 I0

1 9 15 3 25 120 1105

24 10 1 25 100 75

21 5 10 I 50 100 5u

26 10 2 25 100 do

I27 J10 2 50100 5
2810 3 25 100 3

210350 100 60J

23

£I



SECTION 4

APPARATUS

TEST LOOP

A scl1,.1ajtic of the Freon flow-stability test loop ,s shown in Figure 6.
Figures 7, 0, and 9 are photographs of the loop, Showing the boiler, test

condenser, auxiliary equipment, and rnstrwi-rentation panel The two compon-

ents stucied were boiler and test condenser, both of these were made from

transparent materials, as was much of the rest of the loop As mentioned
previously, the primary parameter for this study was the liquid-to-two-phase
pressure-drcp ratio.

A vaiaIbIe orifice (Hoke 280 series metering valve), as shown in Figure 9,

was installed near the entrance of each boiler tube The Freonafter leaving

the boiler, passed through a glass water-cooled heat exchanger. The main

use of this heat exchanger was -n conjunction with condensing tests, the qual-
ity to the condenser could be adjusted at the cooler while maintaining con-

stant boiler condtions.

The main condenser was capable of condensing all the '-eon vaporized in

the boiler. The cooling medium was air, passing counterflow to the Freon.

Liquid coolants also may be used.

A versatile mounting for the high-speed camera was fabricated above the

boiler as shown in Figure 9. The mounting was such that the camera could
film any tube and any position along the tube

Liquid Freon, leaving the condensing section of the loop, passed through

a subcooler (chilled by water or tr,chloroethylene) before entering the pump.
The pump was an explosion-proof, seal-less, centrifugal Series G Chempump.

A wraparound water-cooling jacket was incorporated for pump cooling

A bypass loop and control valve were incorporated around the pump. All

tests were conducted with the bypass control valve ,n a closed position. A

Greer bladder accumulator, pressurized with wate-, was ut i;zed for system
makeup and pressure level control. Most of the tests were conducted at pres-

sure levels that allow the solenoid valve to be in a closed position.

COMPONENTS AND INSTRUMENTATION

The boiler which is shown in Flgu-e 10, consists Oi five quartz tubes

(6-mm ID, 8-mm 00, and 53-in. length). A 0.63 in. by 3.57 in -ectangular

cross-section pyrex duct, 42-;/2 in in length, was bu'lt to surrour~d the

tubes so that hot air would flow outside the tubes and counte-flow to the
Freon. The air flow rate was limited to 18 !b per min. with a maximum inlet

temperature of 8000 F. F;gure II is a schematic of the boiler showing those

quantities that were measured.
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Figure 7. Freon Flow Stabilitv Loop
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The test condenser consisted of 30 quartz tubes the same dimensions as
the hbiler :,. .A rectrngua ._, -s--t'r, Pyrex glass duct, 42-i/2 in.
in length was constructed around the tubes to serve as the coolant flow pas-
sage.

An electric heater (6-kw capacity) was provided to control the Freon
inlet temperature to the boiler. An electricaliy operated Series 715 Flow-
Ball Valve was used to control the liquid flow rate to the boiler, which was
measured with a turbine-type Cox flowmeter.

Ashcroft Laboratory test gauges were used to measure pressures in the
Freon loop. Transducers (Pace Engineering Model PID and Model PIG, respec-
tively) were used to record the liquid (orifice) p-essure drop and the total
boiler pressure drop. A standard calib-ated orifice was used for air-flow
measurements. Inlet and outlet temperatures on all heat exchangers were mea-
sured with iron-constantan thermocouples and recorded on a Brown 48-po'nt
temperature indicator. Toggle-action Dahl valves were used throughout the
loop to control the Freon flow rate to the various heat exchangers. Figures
12 and 13 are photographs of the instrumentation and control panel.

Table 3 lists components used in the loop. Giass piping and fittings
were used when convenient.

PHOTOGRAPHIC EQUIPMENT

A WF-3 Fastax camera, mounted horizontally above the test section as
shown in Figure 14, obtained vertical shots by use of a 2 by 2 prism Single-
tube c )seups were shot with a 152-mm lens in the camera and a supplementary
6-in. Aero Ektar lens mounted horizontally below the prism.

Shots of all five tubes were taken with a 50-mm lens in the Fastax. Ad-
ditional five-tube shots were obtained by using a Cine Kodak Special camera
with either a 25-mm or 50-mm lens.

Ektachrome ERB (ASA 125) film was used in the Fastax camera and Ektachrome
Commercial Type 72S5 (ASA 25) film was used in the Kodak camera.

Lighting was provided by two Colortran Quartz lite l000-w, ll0-v lamps
located below the boiler, which gave 50,000 to 100,000 ft-candles of light.
"The cameras were stopped down to provide the maximum depth of field possible
with the above lighting. When the Fastax camera was operating at its maxi-
mum film speed of 8000 frames per sec in the single-tube shots, the resulting
depth of field was approximately 0 10 in.

3
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Figure 12. In~strumentation and Control Panel
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I
I ~TAB LE 3

j FREON LOOP COMPONENTS

Item Number
on Figure 6 COnponent DescriDtion

I Boiler 5 quartz tubes, 53-in, length, 6-mm ID,
8-mm OD; Pyrex duct built over tubes
for ai- flow

2 Test Condenser 30 quartz tubes, 53-in. length, 6-rmn ID,
8-m-nm OD; Pyrex duct built over tubes
for air flow

1 3 Cooler QVF 2/3* glass condenser

4 Main Condenser QVF 5/15 glass condenser

5 Sub-Cooler QVF 2.3.5giass condenser

15 Accumulator lO-ga! Greer transfer barrier accumu-
lator with a neoprene bladder. coated
shell (phenolic resin sprayed and
baked), 300-series stainless steel
fittings.

7 Solenoid Valve Sporlan solenoid valve, l-in. FPT,
direct-acting, 2 4 -v d-c coil

3 Pump Series G Chempump, Model GA I 1/2

19 Electric Heater Thermolab duct assembly preheater,

115-v,. 60-cýcle

1 I0 Liquid Control Valve Ser'es 715 flow-ball valve,. electrical:v
opera ted.

I II Variable Orifices Hoke 230 series metering valve, globe
pattern, 316SS valve, I/8-in. orifice

Water Flow Meters Sho rate "50" flow meter, Model 1350,
size 8, chrome piated, brass constructed

Freon Control Valves Dahl valves; par.el mounting; toggle
action; Teflon seat

Pressure Gauge Ashcroft Laboratory test gauge, 60 psi
to 30-in. vacuum

Temperature Indicator Brown temperature indicator, 48-point,
IC thermocouple, IIS-v 60-cycle. 1000 F
to 10000F scale. Minneapolis-Honeywell
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Figu re 14. Camera and Mounting F-884
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SECTION 5

TEST PROCEDURE

RUN CRITERIA

The tolerances aliowed on the nmr',inai test conditions for each run pre-
sented in Table 2 were ±0.5 psia on P11  ±50F on T. , and ±0.2 psi on AP

Each run (set of test conditions) con sted of obtaining data at nominal valve
settings of 2,3,4,5,8, and 15 (prd.ms. clrop across the valve is a function
of the valve setting, with 0 the full .:losed positicrn). The iuns were started
with the valve setting of two, whi,:;h always gave stable flow. The air and
Freon flow rates were adjusted to ),ie ,, the soecified boiling pressure drop
(Ptube - P out) and an exit quality cluwe to 1.0.

The valve settings on the five. tutes were adjusted so that the average
value cf the tube pressure read iFrr)r eich gauge was the same within ±0.2 psi.
This provided uniform flow in each ,ube. Other checks on the uniformity of
conditions in the five tubes were the visual appearance of the flow it, the
Freon tubes on either end of t"- bu*'W:r, and the uniformity of the transducer
traces from the five tubes.

Air at trmperatures up to CO00 F wi,; used to vaporize the Freon. The air
flow rate and temperature were a.Jjus,,e(' so that the temperature of the Freon
at the boiler exit was approximately 3( 0F higher than the saturation temper-
ature corresponding to the boiler exit :ressure. The boiler was operated at
the highest exit quality Fossible w.1hi" the preceding restriction on boiler
exit temperature.

The data points at valve %32ttinq. greater than two were taken after
changing only the valve settings. This sometimes tended to cause changes in
Freon exit quality; this was contio'K.d by adjusting the air temperature.
Tolerances on the primary variables ýFor any set of six points were as follows:

Freon flowmeter, s4 cps

Freon exit pressure, ±O.i ps.

Freon tube pressure, ±0.1 p

Freon inlet temperature; Yi30F

The boiler pressure drop was within ±0.2 psi of the specified value and
was held as constant as possible during each set of six points, which make
up a run.

A typical set of datawhich corresponds to Run 26, is presented in
Figure 15. The data processing procedire described below uses these data as
the example.
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HEAT LOSS CALIBRATION

A heat loss calibration was performed immediately before and after each
scries of runs by obtaining the following data with no Freon in the boiler;
for air inlet temperatures of 800 0 F, 600 F, and 4000 F, the air exit temper-
ature was measured for air flow rates of 9, 12, 15, and 18 lb per min. These
date were taken very carefully, allowing sufficient time (15 to 30 min) for
the exit temperature to reach steady state after each change in conditions.

The results of the heat loss calib,'ation indicated that a significant
part of the energy loss was due to air leakage. An energy balance on the
boiler, assuming that the air leakage was prooortional to the air pressure,
revealed that the energy loss due to leakage was proportional to th 1-oduct
of the air pressu,-e and the air temperature chanae in the boiler. in,, loss
was added to the heat leak itself, which was proportional to the temperature
differ{,,ce between the hot air and the atmosphere. An equation for the energy
loss, consisting of the two terms defined above, was developed from the heat
loss calibratico data which correlated all the results within ±10 percent.
This equation remained valid even after the boiler was taken apart and re-

assembled during the test program.
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SECTION 6

DATA PROCESSING

The data obtained for each run included the information recorded on the
data sheet for the six valve settings and the corresponding transducer strip _n

charts. A typical complete set of data for Run 26 with full-length twisted
tape inserts is presented in Figures 15 to 21 and will be used to illustrate
the data processing procedure. The transducer strip chart calibration infor-
mation is presented in Table 4.

The data from the data sheet shown in Figure 15 were entered on the data
processing sheet as shown in Figure 22.

CL

TABLE 4

TRANSDUCER STRIP CHART CALIBRATION

Trace Reference

Break No. Measurement Range Point Calibration
(psi) pin.) •(•p/in.)

3 Reference

4 tube -2 to +,0 1.5 8

5 AP1 , tube 2 -2 to +10 2.0 8

6 LP tube 3 -2 to -10 2.5 8

7 LP, tube 4 -2 to -10 3.0 8

8 6P tube • -2 to -- 10 3.5 8 0

9 Boiler Pb -2 to ÷10 4.0 4 0F

10 Condenser P -2 to --!0 4.5 4 o

16 Brfler inlet P. 0 to 50 6.5 10in
0

iB Reference 6.5
0

The exit quality was calculated on a computer. The net heat input was

obtained by subtracting the calibrated energy loss from the energy decrease
of the air is it flowed through the boiler. The Freon cxit quality was then

calculated from an energy balance using the net heat input.
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I

5-TUBE FREONi BOILER FLOW STABILITY DATA

RUN NO. 26 Date 4/30/64

I Tube Full-Length Twisted Tape Log Sheet No. 74

C (Ts - T )/h 0.09 0 o3/o 300 A /P - 0.20i a in f9 i - . T out

Point I 2 3 4 5 6

Flow Rate, lb/min 2.43 2.50 2.53 2.55 2.50 2.53

Exit Qua l i ty 0.828 0.333 0.792 0.762 0.826 0.781

T T. OF 80 s0 30 80 JO 79

Tout °F !30 129 .Jv 128 i30 130

I P. psia 14.9 :3.0 12.9 12.5 i2.3 12.1

P tube psia 11.9 12.0 12.1 12. 12.1 12.1

P psia 10.0 10.0 10.0 10.0 10.0 10.0

S APP psi 3.0 1.0 0.8 0.4 0.2 0.0

LPTP psi 1.9 2.0 2.1 2.1 2.1 2.1

AP£/'APTP 1.6 0.5 0.38 0.19 0.10 0.0

Frequency cps -- -- 0.22 0.25 0.30 0.33

Amplitude, in. 0.01 0. L2 0.10 0.03 0.09 0.10

.(AP psi 0.04 0.08 0.40 0.32 0.36 0.40

TP (ýPb APTp 0.02 0.04 0.19 0.15 0.17 0.19

I Figure 22. Data Processing Sheet for 5-Tube
Boiler Flow Stability Data

I
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L The frequency and amplitude of the flow oscillations were measured on
the transducer strip charts and entered at the bottom of Figure 22; the
overall boiler pressure drop trace, break No. 9, was used for the amplitude
measurement. The amplitude in psi was obtained by multiplying the measured
amplitude by the 4-psi-per-in. scale factor. After the amplitude was nor-

*rmalized by dividing it by the boiler two-phase pressure drop, the results were
plotted as shown in Figure 23. The critical liquid pressure drop is located
by the knee of the curve.

The dividing line between stable and unstable conditions was much sharper
than expected. It was actually possible to pick out the critical liquid
pressure drop by simply surveying the transducer strip charts. In the example
given, the flow clearly becomes unstable between conditions 2 and 3. This
is coofirmed by the uncertainty in the tube pressure measurements recorded
by the technician, which exhibit a factor-of-ten increase between these two
points. It was possible, therefore, to pick out the critical liquid pressure
drop directly, without going through the steps represented by Figures 22 and 23.
In this case, the liquid pressure drop of condition two was selected as that
required to provide stable flow for the conditions of run 26.

The oscillation amplitude of the overall boiler pressure drop was about
half the amplitude in the individual tubes, indicating a damping effect in
the manifolds where the oscillations of the indiv~dual tubes were superimposed
upon one another. The oscillation frequency was greatest when the valves
were wide open at a nominal setting of 15. It is this maximum frequency that
is reported for each run in the following section.
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2.0
Run 26
Full Tape Insert

COAT/hfg - 0.09
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Figure 23. Freon Boiler Flow Stability Date A-7315
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U SECTION 7

RESULTS

The experimental results are presented on the following pages in
Tables 5 and 6. Table 5 includes the results with twisted tape inserts
running the entire length of the tubes. The results presented in Table 6 were
obtained with twisted tape inserts which extended only three-quarters of the
boiler heated length; they stopped approximately 10 in. from the end of the
heated length. A tape-twist ratio of 3 (180-degree twist in a length equal

to three tube diameters) was used in all tests. The tapes were relativelyI loose fitting and could be pulled cr pushed through the tubes by hand.

No plain-tube results are presented because these earlier tests were
run with valve settings of 2, 5, 8, 10, and 15. This did not provide close
enough definition of the critical liquid pressure drop since, in most cases,
a valve setting of 3 or 4 corresponded to the critical condition. If the
plain tube tests are completed by obtaining results at these valve settings,
the results will be reported separately.

The results presented in the tables include those measurements required
to define the state of the two fluids at the highest valve setting which
gave stable flow. The transducer measurements corresponding to a valve setting
of 15 also are presented. The amplitude given is that for the overall boiler
pressure drop, which generally is half the amplitude of the individual tube

1% oscillations. The frequency was obtained from the transducer traces of the
individual tubes such as shown in Figure 21.

The value of the quality calculated from the boiler energy balance is
considered to be about 20 percent lower than actually existed. The reason
for this disagreement is not known, since the heat loss calibration was
reproduced five times. However, the fact that the temperature at the entrance
to the cooler, which was located 3 ft and two 90-degree turns beyond the
boiler exit (a condition which tends to produce equilibrium), remained greater
than the saturation temperature indicates that the exit quality was close to
100 percent.

f The overall coefficient of heat transfer was calculated from the net
heat input to the Freon, the Freon saturation temperature, and the measured
air temperatures. The heat transfer resistance was approximately equally
distributed between the two fluids.

- The data could be reproduced without difficulty, indicating that all
the important variables were under control. The resulting values of the
controlling dimensionless parameters were calculated from the measurements
and are presented in Tables 5 and 6.

The data for each run corresponding to Figures 15 to 21 will be retained
U at AiResearch by the author.
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After the data acquisition runs were completed, 10,000 ft of high-speedmotion pictures were obtained of both stable and unstable flow, in plaintubes and tubes with twisted tape inserts. The motion pictures includesequences covering a wide ra-ae in quality and showing one and five tubes.It is intended to edit this film to approximately those 1000 ft which mostclearly show each phenomenon, and to produce a finished motion picture whichwill be available on load from the author in approximately one year.
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U SECTION 8

DISCUSSION AND CONCLUSIONS

FLOW STABILITY MEASUREMENTS

The measured values of L6P / APTP range from 0.2 to 1.6, with 85 percent
of the results falling below a-value of 1.0. This is almost exactly the same
Ir.:ge of this parameter that was obtained when Lowdermilk's (10) results with
water were presented in terms of this parameter. Although the range of values
of the other dimensionless-parameters in Lowdermilk's experiment are not
available, this agreement gives added confidence for the use of Freon flow
stability data in the design of the SNAP 50/SPUR boiler, since the heat of
vaporization of waterlike that of potassium, is an order of magnitude greater
than that of Freon.

I To clarify the relationship between the liquid pressure drop ratio and
t"' other dimensionless parameters, the results tabulated in Tables 5 and 6
are presented graphically in Figures 24 to 27. While lines have been drawn
through the data points presented in the figures, the location and, in some
cases, even the dire-c.ion of the slope, is very uncertain, since only three
points are available to define each line. Nonetheless, certain trends seemI to exist.

Figures 24 and 25 reveal that the liquid orifice pressure drop required
to produce stable flow decreases as the fractional pressure drop increases.
This is consistent with the results disclosed by the literature review, and
discussed ih the paragraphs on Inlet Velocity earlier in this report, which
conclude that increasing inlet velocity or flow rate tends to stabilize the
system. This conclusion is somewhat weakened by the reverse slope shown in
Fic'-e 25b for a density ratio of 150, and by the scatter in Figure 25a for
the same density ratio. The experimental results of this study, however,
when combined with the opinions of others, leads to the conclusion that an
increase in fractional pressure drop tends to stabilize the flow in a forced-
convection boiler.

t Figures 26 and 27 show a tendency for ii creased stability with an
increase in subcooling; this is inconsistent with the results of most previous
investigators. However, Gouse (14) observed in his recent experiments that
there was a range of subcooli g wl.c" produced instabili y and that increasing
subcooling beyond this range tends to stabilize the system. The results of
the present experiment tend to confirm the conclusion that increased subcooling

Smay stabilize as wdl as destabilize.

The effect of density ratio (pressure level) is best displayed in
Figures 24 and 25. For the range of density ratio investigated, the scatter
in the data almost disguises the effect; however, increased density ratio
appear• to require a greater orifice pressure drop. This conclusion is
considered to be well established by previous work; the fact that the present
experimental results do not show a reverse trend is considered sufficient
confirmation.

5
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The effect of exit quality was not intentionally investiqated in this
experiment. However, the 30-percent variation in exit quality which exists
in the results is probably one reason for the scatter in the data exhibited
in the figures, since the accuracy of the data is well within the scatter
that is evident.

No consistent difference is discernible between the results for the
full-length or 3/4-length twisted tape insert. Any effect may be overcome
by variations produced by different exit qualities at corresponding points

The temperature into the cooler, shown as component 3 in Figure 6, is
included in the data recorded in Tables 5 and 6 since it illustrates the
complexity and uncertainty of the forced-convection vaporization process.
This'temperature generally differed from the boiler exit temperatuee, which
was typically 30°F greater than the saturation temperature; in some caes,
it was greater and in other cases less. All of these observations can be
explained by the fact that the vapor in high quality mist flow can be greatly
superheated, even while liquid exis' i the flow. The heat first is trans-
ferred from the wall to the vapor, i ien vaporization occurs in the interior

S: of the tube due to heat transfer fr, 7'ie vapor to the liquid. Depending
upon the location of the thermocoupie and the way in which the superheated

Svapor and saturated liquid impinge upon the thermocouple, a range of temper-
atures between the extreme values existing in the tube can be recorded. Also,
as vaporizatbn occurs in the unheated length between the boiler and the cooler
due to heat transfer between the vapor and the liquid, the temperature of the
vapor tends to decrease. The multiplicity of nonequilibrium temperatures
which it is possible to measure in high quality, two-phase flow gives rise
to the curious combinations of data recorded in these experiments.

PHOTOGRAPHIC OBSERVATIONS

The high-speed motion pictures provided the following qualitative infor-
mation about two-phase flow in a tube with twisted tape inserts. Beyond the
point at which the tube wall becomes dry, a significant quantity of liquid
continues to flow along the center of the tape. This quantity of liquid
appears to resist the tendency to centrifuge to the tube wall, and much of
it persists to the end of the tape. Interruptions in the tape, which would
serve to shatter this liquid film, would probably cause much of the liquid
in the film to centrifuge to the wall where it would vaporize.

The photographs also confirmed the earlier results (with plain tubes)
that, even when the flow into each tube was steady, the exit flow, and there-
fore quality, always fluctuated. This was true even though the transducer
traces of the overall boiler pressure drop and individual tube pressure drop
exhibited no fluctuations. It was evident from the visual observations that
these stable flow, exit quality oscillations were the result of the plug-
annular flow regime transition. The plugs, which exist at low quality, grow
very rapidly as they flow along the tube and additional vapor is generated.
Even after the vapor plugs join,due to their growth, to produce anrular flow,
a disproportionate amount of liquid continues to exist where two plugs have

Sjoined. This liquid is pushed along the tube by the vapor, and probably
much of it ends up as dispersed droplets in the vapor core. The disproportionate
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amount of liquid which exists between two vapor plugs is not distributed
uniformly along the tube after annular flow occurs. Consequently, exit flow
and quality fluctuations from individual tubes, which manifest themselves
visually as periodic surges of mist at the end of the heated length, occur
even in stable two-phase flow.

The distance from the end of the 3/4-length twisted tape to the end of
the heated length was approximately 10 in, which is an L/D ratio of 40. In
spite of this, the swirl flow produced by the tape persisted to the end of
the tube in all runs. There .'as a visible decrease in the angle between the
flow direction and the tube axis as the end of the tube was reached, but
an effective amount of swirl remained at the end of the tube.

The motion pictures provided some very interesting sequences of sub-
cooled, forced-convection boiling. Bubbles nucleated on the wall, grew to
about 0.020 in. in diameter, and then broke away from the wall due to the
inertia caused by their growth rate. After breaking away fromn the wall and
penetrating the bubcooled liquid core in the interior of the pipe, the bubbles
very rapidly decreased in size as they condensed, until only a small spot
was visible where the bubble had been located. When this small spot moved
downstream and reached the point where the liquid exceeded the saturation .1

temperature, it again grew into a bubble in the interior of the tube. Other
forms of subcooled boiling were observed in which the bubble collapsed while
it was still attached to the wall, but the process described above was
particularly dramatic and interesting.

I• SUMiMARY OF CONCLUSIONS

The following conclusions appear to Se valid for the conditions investi-
gated in this experiment. tI!

I. TI': ratio of liquid orifice pressure drop to two-phase pressure
drop required to produce stable flow for SNAP-50/SPUR boiler
conditions is 0.2 to 1.6. To be conservative, a value between
I and 2 should be used.

2. The flow tends to become more stable as: (a) fractional
pressure 4rop is increased, (b) entrance subcooling is .4
increased, and (c) density ratio is decreased.

3. The vapor in mist flow is always superheated, which makes temperattre E
measurements very hard to interpret.

4. Exit flow and quality oscillations from individual tubes exist
due to the plug-annular flow regime transition, even when theA
flow into the tube is steady.

[ 5. Swirl flow persists for a length equal to more than 40 diameters I
after the end of the twisted tape in high qual;ly two-phase flow.

6. A significant quantity of liquid continues to flow along the
center of a plain, twisted tape after the tube wall becomes dry.
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APPENDIX

A PHOTOGRAPHIC STUDY OF THE MECHANISMI OF FORCED CONVECTION VAPORIZATION

I by
P. J. Berenson

Rt R. A. Stone

AlResearch Manufacturing Comany
1 Los Angeles 9, California

i ABSTRACT

SThe vaporizatilc of Freon 113 flowing Inside a horizontal pyrex tube

was studied with the aid of 7000 frame per second motion pictures. Heat

II fluxes up to 4,0000 Stu/hr-fts were obtained using 8OOaF air flowing in the

space between the glass tube and a rectangular quartz duct as the heat source.

H The Freon entered the tube subcooled and the exit condition varied from

_fderate qualIty to superheated vapor. The two phase flow patterns and heat

transfer mechanism revealed in the photographs are discussed. The photographs

lead to the conclusion that the annular-mist flow transition (forced convection

vaporization burnout condition) results simply from the vaporization of the

[I liquid annulus while liquid droplets remain dispersed throughout the vapor

core,.

1ore1 INTRODUCTION

The ability to accurately predict the heat transfer and pressure drop

characteristics of the forced convection vaporization process has become In-

II creasingly Important in recent years. Boiling nuclear reactors, Rankine

cycle space power system, environmental control systems for spacecraft, and

fl other advanced systems depend upon this process.

A large number of both experimental and analytical investigations of

forced convection vaporization have been perform. 4 during the past twenty

years. Reference I contains an excellent review of the state-of-the-art up
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to 1957. Considering the amourt of work that has been done, relatively little

progress has been made toward predicting the characteristics of forced convec-I .tion vaporization. This is due to the great number of variables upon which

the process depends, compounded by the complexity of the various two-phase

flow patterns which occur as the quality increases along the tube.

Because of the large differences in the various flow patterns which occur
as the volume fraction of the vapor increases along the tube, it is unlikely

that a single correlation can adequately predict the heat transfer characteris-

tics of forced convection vaporizazi-, from 0 to 100 percent quality. It is

probable that a separate correlation will have to be developed for each

flow pattern. To do this requires a familiarity with the characteristics

of each flow pattern so that an analytical model can be formulated to yield

correlations for the heat transfer coefficient in each regime and the quality

at which flow regime transitions occur.

Visual studies of adiabatic, two-phase, two-component flow have provided

information on the flow patterns. Attempts have been made to develop flow

regime maps which would make it possible to predict the transition conditions

(2). While the "low regimes depend to some extent on whether the flow is

vertical' or horizontal, for both orientations the flow regimes shown in Figure 2

appear to be that most important for relatively high flow rates. The flow

patterns shown are as follows:

I. Bubbly Flow--This pattern occurs at very low quality and consists

of individual bubbles of vapor entrained in the liquid flow. The

bubbles are formed at nucleation sites on the wall.

2. Plug or Slug Flow--As the quality increases, the individual bubbles

agglomerate to form plugs or slugs of vapor which periodically pass

a given point on the wall.

3. Annular Flow--At higher quality, the vapor flows in a high velocity

core in the center of the pipe and a thin film of liquid covers

the pipe wall. Liquid droplets are generally dispersed in the

vapor core.

4. Mist Flow--At high quality, the liquid film on the wall disappears

and all the liquid is dispersed throughout the vapor as droplets.
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&... raser at avye s`n mhat the

heat transfer coefficient increases as the quality increases (3, 4). At a

critical qualityy, which varies considerably with fluid, geometry, and heat

flux, there is a sharp decrease in the heat transfer coefficient toward the

fi value characteristic of vapor flow, as shown in Figure24;. When the quality

reaches 100 percent, the coefficient equals the vapor heat transfer coefficient.

It is often of great importance to be able to predict the quality at

which the sharp decrease in heat transfer coefficient occurs, for, if the

Sheat flux is the imposed condition, burnout occurs beyond this point. It

has been suggested (3) that this quality corresponds to the point at which

the transition from annular flow to mist flow occurs. This is very likely,

since this is a transition from a liquid-covered wall to a gas-blanketed

wallp which is similar to the pool boiling burnout condition that occurs in

Schanging from nucleate to film boiling. There have been many suggestions as

to the reagon for the transition from annular to mist flow, and numerous

i i correlations of the forced convection burnout condition have been attempted.

No general correlation is presently available, and there is considerable

Sconfusion regarding the transition mechanism.

Most of the visual studies of forced convection vaporization have been

Sperformed under adiabatic conditions because of the relative ease of this

type of experiment. In addition, most of the heat transfer tests have used

Selectrical heating, thereby imposing the heat flux as the boundary condition

(5). The purpose of the experiment described below was to study the forced

convection vaporization process with high-speed motion pictures when the

overall temperature difference is the imposed boundary condition. In addition,

it was desired to obtain motion pictures of all the significant flow Patuerns,

[3 since insufficient emphasis has previously been placed on annular and i.

flow.

BL9 The motion picture supplement to this paper, showing the various flow

regimes, is available on loan from the American Institute of Chemical Engineers

and the AlResearch Manufacturing Company.
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11 APPARATUS AND PROCEDURE

The schematic of the test setup isshown in Figure •3and the test section

geometry in Figure ,I. The test section consists of an inner Pyrex tube o Mm

1D, 8 mm OD, and 40 inches long, in which Freon flows. Air flows outside

this tube, inside a 20-inch-long rectangular quartz duct whose inside dismen-

siors are 3/8 inch by 1-3/4 inch. The air flow is counter to the Freon finw.

The heated length of the test section is approximately 24 inches, consisting

of the 20 inches of quartz tube plus approximately 2 inches on each end

inside the flange connection. The Freon tube is insulated from contact with

the air until it reaches the 24-inch test section. The air is heated in a

gas furnace to approximately 800*F and metered in an insulated section before

it passes into the test section.

Manometer pressure taps were located at the flanges of a 1-1/2 inch

orifice inside a 2-inch pipe on the inlet air line and on both sides of the

test section. These permitted measurement of the air flow rate through the

orifice and later provided a means of estimating the air leakage from the

test section. Air inlet and outlet temperatures were measured by means of

thermocouples in the air stream. Freon inlet and outlet temperatures were

measured by thermocouples located in mixing sections inside the Freon tube.

The Freon inlet line was instrumented with an expansion and contraction

chamber, with transducer taps on the chamber inlet and outlet lines and also

in the central stagnant chamber. Forward flow rate was indicated as an

entrance loss in the latter two taps in the expansion chamber, while reverse

flow was indicated by entrance pressure loss in the first two taps of the

test section. The forward and reverse pressure drops across the Freon inlet

flow section were recorded on a Sanborn recorder. Freon flow rate was

measured by using a stop watch to measure the time required for collection

of one pound of Freon from the condenser.

A WF-3 Fastax camera with a 6-inch f4.5 lens was mounted approximately

8 inches from the quartz tube, shooting horizontally at the test section through

a 6-inch Aero Ektar supplementary lens. Ektachrome ERB (ASA 50) film was used

with the shutter of the camera wide open. At this lens opening, the depth of
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field over which the camera was in focus wa- approximately one millimeter.
i The test section was backl ighted to 60,000 ft-candles by two 1000-watt

quartz Iodine lamps reflecting from white cardboard. The film speed wasU ' approximately 7000 pictures per second; each motion picture run took
approximately i-i/2 seconds, and approximately haof of this time ,as required
for the career. to attain full speed.

SThe first motion pictures obtained showed poor resolution between Freon

itquid acid vapor. As a result, Trace, a bright red Freon-coloring agent

used In detecting leaks in Freon air conditioning systemsp was added to the
SFr". supply in a concentration of approximately one weight percent.

i • Subsequent pictures showed excellent resok-,tion and detail of the vaporiza-

tion process.

Heat input to the Freon was determined by measuring the heat lost by
the air when no Freon was flowing, and subtracting that quantity from the
total enthalpy change of the air during a run. It was later learned that
there was a leak of hot air through the flange connections, varying from
about 15 percent to 25 percent of the total air flow. The steady-stateheat

Utt loss from the test section was approximately equal to the heat input into
Sthe Freon; as a result, the quality at the test section was later estimated

to be accurate only to ±30 percent.

At the start of each run, the air flow through the unit was adjusted

by means of a valve in the inlet air line to the desired value. The Freon
tank was then pressurized to 40 psig, and the position of the Freon throttle

I -I valve was adjusted until the proper flow rate was observed leaving the conden-
ser. The following quantities were recorded: air inlet temperature, air

!• outlet temperature, Freon Inlet temperature, Freon outlet temperature, test

section air static pressure, test section air AIP, air line orifice static
pressure, air line orifice AlP, and Freon flow rate (the time It took for I
pound of Freon to be collected at the condenser). Motion pictures were
taken at the same spot throughout; approximately 6 inches from the Freon
inlet to the heated section and approximately 14 inches from the pyrex tube
antrance.
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III DISCUSSION OF RESULTS

A. FLOW STABILITY

For low values of pressure drop across the throttle valve at the entrance

to the heated tube, flow instability (i.e., oscillatons of the orifice

pressure drop) was observed. This is consistent with the results of other
Sinvestigators (6). Figure 32is a typical pressure transducer trace under

these conditions. The magnitude of the pressure and, therefore, flow fluctua-
tions decreased as the pressure drop across the inlet throttle valve was

increased as shown in Figure32. The flow rate fluctuations were apparently

due to the interaction of the two-phase-flow pressure drop characteristics

with the compressible volumes in the system (6). When the inlet throttle

I -valve is choked, the flow downstream of the throttle valve is insensitive to

conditions upstream; the presence of the compressible volume provided by the

pressurizing gas on top of the Freon no longer has any effect. It is of

interest to note that the elimination of some flexible connections between

the throttle valve and the heated tube, which were observed to be periodically

expanding, yielded increased flow stability. At all heat fluxes and flow

rates investigated, the inlet flow rate could be made steady with a great

enough pressure drop across the inlet throttle valve. Even though there

was steady flow into the tube, the flow rate and temperature at the exit

I fluctuated. This is apparently due to the periodic nature of plug flow, the

compressible volume of the plugs. and the fact that thermal equilibrium does

not exist in mist flow.

B. FLOW REGIMES

A sunmiry of the characteristics of the flow regimes shown in the

I motion picture and discussed below is presented in Table 7.
6

I

f
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TARI '7

NOTION PICTURE SUMMARYf

Film Strip I 2 6 A 5

Flow Regime Bubbly Plug Annular Annular Annular-Mist
____(Slug) Transition

I'reon Flow Rate, 3.6 1.0 1.0 1.0 0.50
Ib!min __2%

ir Flow Rate, 3.5 ±0.2 3.5 t0.2 3.3 ±0.2 86±2 6:t±2
* lb/mmn

Heat Flux 20,000 20,000 20,000 27,000 35,000
STU/hr ft ±00%

al 600 subcooled 0.1$ 1% $ 30%

SI. Bubbly Flow

A photograph typical of the bubbly flow regime shown in the first film

strip is presented in Figure 31 In order for this flow pattern to exist, the

vapor volume fraction-must be low. Because of the high ratio of liquid-to-

vapor density for most fluids of interest, the corresponding mass fraction

(quality) In the bubbly flow regime is extremely small, for example, much

less than I percent. The bubbly flow regime can occur in a subcooled liquid

since the bubbles nucleating at the wall may move into the liquid core be-

cause of the inertia caused by their growth rates. Thermal equilibrium does

not exist as there Is insufficient time for the bubbles to condense before

the surrounding liquid Is heated to the saturation temperature as It flows

along the tube.

In the bubbly flow regime, the vapor volume fraction is so small that

It has little effect on the liquid velocity. Bubbles grow and depart from

nucleation sites on the wall the same as in nucleate pool boiling. Depending

upon the wall and fluid temperatures and the nucleation characteriscis if

the wall, the nucleate pool boiling heat transfer mechanism may or may not

3 dominate the forced convection heat transfer to the liquid occurring between
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Cthe bubbie nucleation sites. In the very narrow quality range over which

bubbly flow exists, it seems reasonable to assume that the heat transfer

can be predicted by superimposing liquid forced convection and nucleate

pool boiling, provided the superheat temperature difference is not great

enough to produce film boiling (7).

2. Plug Flow

As toe vapor volume fraction or the LID ratio increases, the individual

bubbles begin to agglomerate and form plugs or slugs of vapor, as shown in

I .. Figure 34and the second filn strip. These large volumes of vapor occur

periodically along the tube. Even though the volume quality has increased

to approximately 15 percent in the film strip, the corresponding mass fraction,

or quality, is approximately 0.1 percent. The presence of the larger volume

fraction of vapor begins to cause a significanz increase in the liquid

i velocity in the plug flow regime.

The plugs of vapor are compressible volumes which make possible the flow

oscillations within the tube that are :bserved in the film strip even though

i the flow entering the tube is steady. Actual flow reversal is shown in the
I
I movie. It is possible that the periodic nature of plug flow, combined with
L the compressible volume it provides, is the source of many of the exit flow

oscillations which occur in forced convection vaporization inasmuch as all

- other flow regimes are steady.

The film strip shows that, for the conditions prevailing in this expeol-

ment, bubbles nucleate and depart from the wall at numerous sites inside the

I tube in the plug flow regime. The heat transfer mechanism in the plug flow

regime is probably the same as in the bubbly flow regime: a superposition

I of forced convection to a liquid and nucleate pool bofling.

While both the bubbly and plug flow regimes are very interesting, it

S must be emphasized that, for the density ratios of general interest in forced

convection evaporators, they occur up to only very low quality, so that, if

one is vaporizing to high quality, these flow regires have a relatively small

effect on the heat transfer process. They only become important if the tem-

perature difference is great enough to cause film boiling or because of the

flow oscillations produced in the pluo flow regime.
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. ninular Flow

The two film strips showing annular flow were taken without moving the ]

camera. A typical photograph of annular flow is presented in Figure 3. The

waves present on the liquid-vapor Interface just inside the tube can be de-

tectedp but the presence of the continuous two-phase interface makes it im-

possible to see into the vapor core. The first film strip is at a quality •I

of approximately I percent, while that of the second film strip is approxi-

mately 5 percent. The increase in quality was produced by maintaining the .

Freon flow and Increasing the hot air flow. The dark spots on the tube wall

are dried dye left from previous tests; they have no effect on the flow or

heat transfer process.

In the first film strip, some of the liquid stratifies into the bottom i
of the tube. Around the balance of the tube, a thin film of liquid covers !

the wall; heat is transferred by conduction through this liquid film. Al-

though there are a number of active bubble nucleation sites, these probably I
have a negligible effect on the heat transfer rate. The heat transfer in

annular flow is very similar to that for condensation inside a tube; it is

probably valid to neglect the heat transfer to the stratified liquid and

assume that all the heat Is transferred by conduction through the thin

liquid annulus.
j

Periodic flow surges occur in this film strip which must have been

initiated in the plug flow regime, since the flow entering the tube was

steady. The flow surges are detected by the deepening color, which indi-

cates an increased liquid volume fraction. This flow regime is sometimes

called slug flow, although the heat transfer mechanism is typical of

annular flow.

In the second annular flow film strip, the quality is approximately

5 percent and the stratification of the liquid has essentially disappeared {

because the increased inertia forces now dominate gravity. The camera

location was not changed as the quality was increased in order to observe

the same active nucleation site which existed in the center of the previous

film strip.
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..... og, the vapof core cannot be seen through the liquid-vapor interface

which forms the inner boundary of the liquid annulus, the high velocity vapor

core contains many liquid droplets. The liquid-vapor interface exists just

Inside the tube, where the waves caused by the vapor shear are apparent.

Once aga n, while some nucleation sites exist, the dominant heat transfer

mechanism is probably conduction through the thin liquid film. The vapor is

generated primarily by vaporization from the liquid-vapor interface inside

the tube arid not by the formation of bubbles in the liquid. There is a

significant amount of liquid dispersed throughout the vapor core as droplets,

In addition to the liquid in the annulus on the wall.

The flow surges stil, occur at this quality. While the change in color

of the fluid during the surge is not as obvious as at lower quality, the

deepening pink indicates that the liquid volume fraction is increasing.

4. Nist Flow (Forced Convection Vaporization Burnout Condition)

The observation of the transition from annular to mist flow is of great

interest, since this is presumably the point at which the evaporator heat

transfer coefficient experiences the sharp decrease observed. Therefore,

this transition is the cause of the forced convection vaporization burnout

condition. A photograph of the partially dry wall taken from the last film

strip is shown in Figure 36.

The flow surges which were apparent in the annular flow regime continue

to persist in this transition regime. That is, the wall in front of the

camera alternately becomes wet with liquid (along the bottom half in the

movie) and then dry. This occurs about three times in the film strip.

The red line about halfway up the tube diameter is a thin strip of dye

which presumably is less volatile than the Freon and tends to collect at

high quality in the manner shown. Liquid droplets dispersed throughout the

vapor core can be seen where the wall is dry. These droplets were formed

downstream at lower quality and are carried along by the vapor. The velocity

of these droplets is much higher than the velocity of the liquid film, and

therefore gravity has a much smaller effect on them.
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The followinq observations of the wall drvina oroces are signif;icant

A small dry spot forms and grows in all directions as the liquid vaporizes

because of conduction heat transfer through the liquid. The small strips

of liquid on the wall remain almost stationary relative to the high velocity

vapor and the liquid droplets in the vapor core which can be seen flowing in

the tube. The dominant heat transfer mechanisn is conduction through the

liquid film; nucleation may produce the initial dry spot on the wali, but

has a small effect on heat transfer. This is the same drying process that

would occur with a thin film of liquid in a hot pan whose temperature is not

great enough to cause nucleate boiling. This transition occurs three times

In the film strip, as described.

Beyond the point at which th•. figlm ;trip. were ta''.c, the wasI is

dry except when the liquid droplets in the vapor core impinge upon the wall.

Host of the heat transfer is from the wall to the vapor. After the heat is

transferred to the vapor, it is then transferred to the liquid droplets; the

mist flow vaporization process actually takes place in the interior of the

pipe, not at the wall. For this reason, the temperature of the vapor in

the mist flow regime can be greater than the saturation temperature; thermal

equilibrium may not exist in the tube.

The aboie description of the transition from annular to mist flow is in

conflict with theories which postulate that the transition occurs when the

thin liquid annulus becomes unstable owing to the effect of the high velocity

vapor core (4). This was not observed in the high speed photographs. As a

result of the visual observations of the transition process, it is concluded

that 'the transition is simply due to the liquid film on the wail vaporizing

as a result of conduction heat transfer through the liquid, while the vapor

core contains a dispersion of liquid droplets. While the volume fraction

of these droplets is very small, they account for a substantial mass fraction

because of the high ratio of the liquid-to-vapor density.

This explan.oion is consistent with a theoretical stability analysis

of a liquid film (8), whose predictions have been partially verified by

experiment (9). This analysis predicts that a liquid file, is stabie for

suffIciently small Reynold numbers, independent of the vapor velocity. f
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Since the liquid film Reynolds number decreases as the quality increases in

a forced convection evaporator, the liquid annulus will be stable at suffi-

ciently high quality, independent of the value of the vapor velocity. There-

fore, the high quality burnout condition could not be due to an Instability

of the liquid film.

While annular two-phase flow is sometimes idealized so that all the

liquid ;s in the annular film and all the vapor in the high velocity core,

observations have shown that droplets of liquid generally exist in the vapor

core. These droplets may or may not join the liquid annulus, depending on

the magnitude of the turbulent vapor fluctuations and the transit time of

the droplets through the evaporator. This is consistent with the stability

analysis which predicts a high Reynolds number liquid film, such as exists

at low quality, may be unstable.

In summaryp the liquid droplets dispersed throughout the vapor core

are produced as a result of a film instability at low quality. The tran-

sition from annular *o mist flow occurs when the liquid annulus vaporizes

as a result of conductiun through the thin liquid filmp while liquid drop-

lets remain dispersed throughout the vapor core. The quality at the tran-

sition is determined by the mass of liquid contained in the droplets when

the transition occurs.

IV SUHMARY OF CONCLUSIONS

The following conclusions appear to be valid based upon the observations

of the forced convection vaporization process.

I. Throttling at the entrance of a forced convection evaporator tube

yields steady flow into the tube.

2. Even though the flow into the tube is steady, the exit flow can

fluctuate. This is probably due primarily to the periodic nature

of plug flow combined with the compressible volume within the tube

provided by the plug.

72



i

3. Nucleation of bubble% an thew! 1 was obervI WMvr the I Ii k--

was wet, In all flow regimes.

4. It Is reasonable to correlate bubbly and plug-sl'ug flow by

superimposing liquid forced convection and nucleate pool

boiling hoet fluxes. 2

-• 5. The dominant host transfer mechanism In annular flow Is conduction
through the liquid film on the wall. The vapor formation process

occurs primarily at the annulus liquid-vapor interface within the I --

tubep not at the wall within the liquid annulus.

6. The transition from annular to mist flow (forced convection vaporl- -

z:ation burnout) Js sfimply the result of the annular liquid film

vaporizing while liquid droplets, formed at low quality, remain

dispersed throughout the vapor core.

7. Departure from thermal equilibrium is important In forced con- I
vection vaporization; bubbly flow can exist in 4 subcooled liquid

and the vapor in mist flow can be superheated. -.
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Figure 29. Characteristic Forced Convection A-73I
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Figure 33. Bubbly Flow
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Figure 34. Plug Flow
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